Introduction
Octasilsesquioxanes (T 8 On the other hand, icosahedral boron clusters are compounds with three-dimensional electron delocalisation that have unique properties such as highly polarisable σ-aromaticity, 9 thermal and chemical stability, 10 geometrical diversity, 11 low toxicity and special electronic properties, 9b making them exceptional candidates for applications in biomedicine and materials science. 10d, 12 The recent use of carborane clusters in materials science has been focused on the development of polymers, 12a boron-rich dendrimers, 13 liquid crystals, 14 non-linear optics, 15 and more recently, luminescent materials. 16 Our group has also contributed to the advancement of luminescent molecular systems, in which o-carborane derivatives linked to different fluorescent π-conjugated organic systems have been described and their emission properties evaluated. 10c, 17 In the course of these studies we have developed a set of fluorescent systems which combine the particular properties of boron, organic π-conjugated systems and silsesquioxanes, i.e. carboranyl-styrene decorated polyhedral oligomeric silsesquioxanes 4 (POSS); these systems were synthesised using cross-metathesis of styrene-containing carboranes with octavinylsilsesquioxane (OVS) catalysed by Grubbs' first generation catalyst. 10c We evaluated the photophysical behaviour of these compounds in solution,
by modifying the substituent linked to the second carbon cluster (C c ) for o-carborane derivatives and compared them with the free styrenyl-carborane species. The results showed that after grafting the styrenyl-carborane precursors (1-3 in Scheme 1) to the OVS core, large Stokes shifts and significant differences in the fluorescence emission intensity were found; i.e. the phenyl-o-carborane-containing POSS compound exhibited the highest fluorescence quantum yield (Φ F = 44 %), whereas its precursor was not fluorescent at all, due to a quenching induced by a charge transfer (CT) process.
10c
These results suggested that modification of the substituent bound to the C c can tailor the final luminescent properties of the POSS hybrid. Moreover, the difference of the fluorescence before and after grafting was attributed to the spatial ordering induced by the OVS core that eases interactions that otherwise would not occur.
Motivated by our previous remarkable results, we report herein the syntheses and spectroscopic characterisation of a new set of POSS hybrids with extended conjugation containing ortho and meta-carborane-substituted vinylstilbenes. Regarding the potential of silsesquioxanes for OLEDs and photovoltaic applications, 8a, 18 our aim is to evaluate the optical and photophysical properties of these hybrids, focusing on the influence of the cluster's isomer and the substituent at their second C c , both in solution and solid state. The results are discussed and supported with density functional theory (DFT). The thermal stability of the new POSS hybrids is also investigated. Fig. 1 and SI). This will be of crucial importance for the understanding of the optical properties, vide infra. UV-Vis Absorption and Fluorescence. All POSS hybrids show somewhat vibronically structured UV-Vis absorption spectra in dichloromethane (DCM) with λ max near 338 nm (3.67 eV; see Fig. 2 and SI), which matches to the carborane-free (p-methyl-stilbenevinyl) 8 OVS system in THF and DCM reported by Laine's group. 19 Furthermore, in these compounds the fluorescence is also vibronically structured, similar to what was reported on free carborane-stilbenes, 17b and distyrylbenzene (DSB). 20 Both for transstilbenes and DSB it was shown that their fluorescence spectra were better resolved compared to the absorption ones ( Fig. 2 and SI). This is due to the shortening of the single bonds upon electronic excitation, which steepens the torsional potential around , while for those hybrids containing C c -substituted carboranes ε m is somewhat lower (Table 1) , which might suggest some aggregation in the latter. 20 In fact, compared to POSS-H, an unusual broadening of fluorescence in the red part of the spectra is observed for POSSMe, POSS-Ph, and POSS-mPh ( Figure 2 ), indicative of intermolecular interactions, 20 and which clearly correlates with the lowering of ε m .
Noticeably, the fluorescence quantum yield for POSS-H is very high, Φ F = 59 %, and has a lifetime (τ F ) of 0.82 ns, from which a radiative rate of 0.65 ns -1 is calculated, see Table 1 . This is similar to what is expected for vinylstilbene itself, 22 and indicates that only small excitonic interactions between the vinylstilbene branches are observed within the compound. 22 Indeed, according to the TD-DFT calculations, only very weak H-type interaction 20 is found with a forbidden lowest singlet state (S 1 ), separated by only 0.06 eV from the state with highest oscillator strength (3.43 eV, f = 3.45) . Based on these calculations, Herzberg-Teller type coupling (i.e. coupling of the symmetryforbidden electronic state to a close-by allowed one via a vibration of appropriate symmetry) should be highly efficient and the emitting state should be allowed in accordance with the experimental results.
It should be stressed in this context that a clear enhancement in the quantum yield of POSS-H is observed compared to (p-methyl-stilbene-vinyl) 8 OVS (Φ F = 22 %) in DCM, 19 in which the -CH 2 -o-carborane moieties have been replaced by methyl groups.
The difference in Φ F might be due to the fact that in this system the absence of the sterically demanding carborane moieties permits stronger (excitonic) interactions between the vinyl-stilbene branches, which partly quench the fluorescence. Remarkably, substitution of the carborane moiety with methyl-or phenyl-groups (POSS-Me, POSS-Ph, POSS-mPh) lowers Φ F ; see Table 1 . At a first glance this might surprise because further substituents at the carborane moiety are only expected to impact the electronic structure of the emitting state if the principal conjugated segment is short (i.e. styrene) so that their MOs can effectively overlap with those of the carborane; 17e this is not expected for the vinyl-stilbene chromophores in the current compounds. In order to prove this, we calculated the electronic and optical properties of just one arm (i.e. trimethoxysilyl-vinyl-stilbene-carborane), comparing the unsubstituted with the ortho-phenyl-substituted compound (see SI for details). In fact, energy and oscillator strength of the lowest excited state is almost identical in both cases (in fact, the energy is 3.43 eV, just like the lowest fully allowed excited state in POSS-H); the transition is described by a simple HOMO→LUMO excitation, where neither HOMO nor LUMO show relevant participation of the carborane moiety a/o the phenylsubstituent, see Fig. 3 . To gain further insight in the different Φ F we measured the fluorescence lifetimes τ F reported in Table 1 . In combination with Φ F this allows to extract the non-/radiative lifetimes k nr , k F via Φ F = k F ⋅τ F and τ F -1 = k nr + k F . The radiative rates k r are quite high as expected from the molar extinction coefficients ε m . 23 However, the main differences in Φ F arises from the non-radiative rates k nr , (see Table   1 ); this must arise from cooperative interactions of the arms, i.e. the above mentioned aggregation, which enhances effective trapping. 24, 25 
27
a Intensity-average from bi-exponential fit. Moreover, the UV-Vis absorption and fluorescence spectra were recorded in solid state films for all compounds (Fig. 4) . The UV-Vis spectra exhibit only slight changes in the absorption spectra when compared to DCM solution, with maxima at around 335 nm. Nevertheless, a significant red-shift of about 54-93 nm was found for the fluorescence emission maxima with respect to the solution values, as well as an unstructured spectra ( Table 2 ). Similar effects were previously reported by Laine et al. for carborane-free stilbenylsilsesquioxanes. 28 Significantly, the absolute Ф F in the solid state are only 4-7 % (Table 2 ), i.e. much lower than in solution (Table 1) .
Although a small increase in the fluorescence lifetimes τ F is observed for all POSS films (0.94-1.26 ns), the resulting radiative rates k F (Table 2) performing an isotherm step at this temperature to remove adsorbed molecules. 
Absorption and photoluminescence (PL) measurements:
The UV-Vis absorption spectra were performed in spectroscopic grade DCM solutions (Sigma-Aldrich) with concentrations of ~1.10 -6 M in normal quartz cuvette having 1 cm path length; to obtain absorption maxima in the range 0.1-0.2 at the excitation wavelength. Experiments in the solid state were completed in thin films that were performed upon drop casting the THF solutions on quartz surface upon slow solvent evaporation at room temperature.
Absorption spectra of solutions and the solid state were measured by a Varian Cary-50
Bio UV-visible spectrometer after proper base line correction. Fluorescence emission and excitation for solutions and films were performed by Fluoromax-4 spectrophotometer (Horiba), equipped with a Xenon high pressure lamp source and double monochromators for excitation and emission. The emission and excitation spectra were corrected for the wavelength sensitivity of the PMT, and the excitation source, respectively. For display in the energy scale, the emission spectra were λ 2 corrected for constancy of the integrated area. Fluorescence quantum yields were determined by comparison using a solution of quinine sulfate in 0.5 M H 2 SO 4 with Φ F = 0.55 as a standard. 26 Absolute fluorescence quantum yields were determined in an integrating sphere setup (Hamamatsu C9920) equipped with a xenon high-pressure lamp and a multichannel analyser at 350 nm excitation wavelength.
TCSPC measurements: Time resolved fluorescence lifetime measurements for solutions and films were done by the time correlated single photon counting (TCSPC) technique using a using an Acton SP2500 spectrometer, and low dark current photomultiplier (PMA 06, PicoQuant) for detection. A HydraHarp-400 TCSPC event timer with 1 ps time resolution was used to measure the fluorescence decays. The excitation source was a 337 nm NanoLED (PicoQuant, PLS-8-2-651; 0.5 microwatt power; Trigger level 10 MHz at 90 % intensity) with FWHM ~250 ps.
The decay time data was fitted after de-convolution with the IRF data by Fluofit software (PicoQuant).
Calculations. Geometries of the ground and relevant electronic excited states of
POSS-H and un-/phenyl-substituted trimethoxysilyl-vinyl-stilbene-carborane were calculated at the (TD)DFT level of theory; for POSS-H, the highest non-planar symmetry (D 2 ) imposed. The B3LYP functional and 6-311G* basis set was used in all cases as described in the Gaussian 09 program package. 
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